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The enzyme responsible for mannitol l ransport in Esc'hent 'hia Coli .  El ln"r.  has been
studied with two techniques: fluorescence spectroscopy and Fourier transform infrared
(FTIR) spectroscopy. This enzyme belongs to the class of phosphoenolpyruvate-dependent
phosphotransferase systems, which couple phosphorylation and transport of carbohydrates
over the membrane. Phosphoenolpyruvate-dependent phosphotransferase systems are
comprised of carbohydrate-specif ic membrane-bound transporters and several cytoplasmic
proteins responsible for phosphoryl group transfer from phosphoenolpyruvate to the
carbohydrate transported.
This research focuses on EII ' ' | .  This is a three domain enzyme from the
cytoplasmic membrane of l i .  col i .  Two cytoplasmic domains, I IA""r and IIB""|,  are involved
in phosphoryl group transfer, while the third domain, I IC'" ' ' ,  which is embedded in the
cytoplasmic membrane, is responsible for mannitol binding and transport.
The three-dimensional structures of the cytoplasmic domains, I IA"" '  and IIB""r,  are
currently being solved with X-ray crystal lography and NMR spectroscopy. These
techniques are not suited for revealing the structure of I IC'" ' | .  Wrth f luorescence and FTIR
spectroscopy i t  is possible to derive structural rnformation on this domain, whrch is
necessary to gain insight in the complex moiecular processes occurring during mannrtol
transport over the membrane.
The f luorescence characterist ics of tryptophan can be used to study the structure
and dynamics of a protein. Most information concerns local features in the vicinity of the
tryptophan residue and processes which lead to measurable changes in the f luorescent
characterist ics of the tryptophan.
FTIR spectroscopy does not depend on specif ic chromophores, but rel ies on the
absorbance of al l  bonds. The frequency of some characterist ic absorbance bands, which
represent vibronic transit ions of peptide groups, is related to the secondary structure
elements present in the protein. Furthermore, i t  is possible to monitor structural changes of
a protein as a function of light, heat, pH or other parameter, using difference spectroscopy
or hydrogen-deuterium exchange.
In chapter I  membrane proteins, PTS, f luorescence spectroscopy and FTIR
spectroscopy are discussed.
Chapter 2 describes a procedure developed to puri fy EII""r and mutants of EII""I
free of fluorescent impurities. A mutant without tryptophan residues was essential for the
development of this procedure, which rel ies on use of a highly pure detergent and
avoiding contact with plast ics ani rubbers of any kind during al l  stages in the purif icat ion
procedure. In this functional ly act ive mutant the four natural tryptophans of EII""]  at
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mutant indicated the presence of fluorescent impuritres. These fluorescent impurities
accumulated in Elln"'-samples to much higher levels than the seemingly negligible levels in
all buffers used. Since these fluorescent impurities cannot be distinguished from
tryptophan on the basis of their fluorescence emission spectra or fluorescence lifetimes, it
is impossible, without using the guidelines from the procedure mentioned above, to safely
interpret tryptophan fluorescence spectra of EII'" and presumably other membrane
proteins. This finding implies that other tryptophan-fluorescence studies on membrane
proteins should be treated with some caution.
In chapter 3 the results of different steady-state fluorescence experiments on six
single-tryptophan mutants of EII""| are discussed. The tryptophan residue is located in one
of the natural positions 30, 42, 109 or 1 17, or in a special position (320 or 384). The other
tryptophans are replaced by phenylalanines, without destroying the mannitol
phosphorylation activity. An exception is the W384-mutant, in which the second
phosphorylation site cysteine 384 in IIB'"'is replaced by tryptophan. The various single-
tryptophan mutants, purified using the procedure of chapter 2, show differences in
fluorescence emission maxima. Emission maxima at relatively low wavelengths for
tryptophans 30 and 320 indicate a hydrophobic environment, whereas tryptophans 42, 109,
177 and 384 are somewhat more hydrophilic. This is the first time that clear differences in
the fluorescence emission maxima of different single-tryptophan mutants of a purified
membrane protein have been reported. Results of iodide quenching experiments indicate a
more buried position for tryptophans 30, 42 and 320 in the Elln"'-structure than
tryptophans 109 and 117. Both the frequency of the fluorescence mission maxima and the
iodide quenching support the predicted topology of EII ' 'L (Sugiyama et al., 1991), with
positions 30,42 and 320 in transmembrane c-helices and positions 109 and 117 in a
cytoplasmic loop. Tryptophan 384 in IIB'", at the position of the second phosphorylation
site of EII""', is almost non-fluorescent at physiological pH. This could be due to a strong
quenching by a nearby carboxylate or tyrosinate residue in the B-domain (AB et a1., in
press). Lowering of the pH results in unfolding of IIB'" (Meijberg et al., 1996) and a
strong increase in fluorescence intensity of this tryptophan. Whether these residues are
critical for the mechanism of phosphoryl group transfer to mannitol is not yet known.
Phosphorylation of EII'" does not result in mentionable changes in the fluorescence
of the single-tryptophan mutants or of wild-type EII""I. Mannitol binding, however, induces
an increase in fluorescence intensity (Wood, 1988) mainly due to an increase in
fluorescence intensity of tryptophan 30, as can be seen using the different single-
tryptophan mutants. This indicates that W30 is able to sense mannitol binding.
Chapter 4 presents time-resolved fluorescence experiments on the various single-
tryptophan mutants. These experiments offer detailed information on the fluorescent






f luorescence intensity can be adequately described by a distr ibution of several f luorescence
li fet imes (t),  each probably representing the f luorescence l i fet ime of a rotameric state of
the tryptophan Different average fluorescence lifetimes <t> for each tryptophan were
observed. The decrease in f luorescence anisotropy for each tryptophan can be described by
a distr ibution of dif ferent rotat ion correlat ion t imes (Q), which correspond with dif ferent
rotat ional motions of the tryptophan during i ts f luorescence l i fet ime. This can be internal
motions of the tryptophan, l ike rotat ions around the C,,-Cu axis, or rotat ion of the entire
protein or a port ion of the structure. The anisotropy decay dif fers for the various
tryptophans indicating dif ferences in rotat ional motions due to dif ferences in local structure
surrounding the tryptophans. The l imited contr ibution of motions represented by relat ive
short correlat ion t imes $ of 0 3 - 4.7 ns to the total anisotropy decay, implies that al l
tryptophans are highly immobihzed in the protein. These l imrted internal mobil i t ies can be
best seen from the order parameter (S), which is related to the angle of displacement (r1r)
responsible for the rapid internal motion. The order parameter, S, varies from 0.90 to 0.97
for the tryptophans, which means they are highly immobil ized and largely rotate together
with the entire enzyme (Q non-resolvable) or a port ion of the enzyme. Only for tryptophan
30 a $ of about 32 ns is resolved repeatedly, which corresponds with the rnotion of a
complex of about 40 kDa. This could represent motion of a monomeric unit  of I IC'" 'r
independent from the rest of EII '" ' r  Though the other tryptophans are also located in this
domain and thus also should sense the motion of this domain, i t  is possible that this is not
expressed in the anisotropy decay due to an unfavourable orientat ion of these tryptophans
with respect to the rotat ional axis of this domain. Furthermore i t  is possible that the long
l i fet ime component in W30, and the l imited internal mobil i ty of this tryptophan (S : 0.97),
both favourable condit ions for the determination of high correlat ion t imes, also play a role.
Binding of mannitol and perseitol (a substrate analogue, which binds to EII '" ' I ,  but
cannot be phosphorylated) results in the disappearance or decrease of the short- l ived
components of the f luorescence decay of tryptophans 30,42 and 109 and an increase in
<t> for W30 and W42. This indicates changes in the putat ive f irst membrane-spanning cr-
hel ix in I IC"" '  induced by substrate binding This is a surprising result since al l  posit ions in
IIC"" '  which have thus far been identi f ied as important in mannitol binding are located in a
large cvtoplasmic loop connecting putat ive membrane spanning o-hel ices 4 and 5.
Phosphorylat ion of the srngle-tryptophan mutants, on hist idine 554 in the A domain
and cysteine 384 in the B domain, results in an increase in the average f luorescence
li fet imes of al l  tryptophans. This increase is most pronounced for W30 and W109, where
the short f luorescence l i fet ime disappears analogous to the effect of mannitol binding. This
is spectroscopic evidence for trre coupling between the phosphorylat ion state of the
cytoplasmic domains of EII""rand the membrane-bound domain. This coupling has been
determined earl ier with kinetic experiments (Lolkema et al. ,  1991). phosphorylatron results
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in a 1000 fold increase in the rate of mannitol transport catalysed by EII"',I
The effects of mannitol binding and phosphorylation on the anisotropy decay of the
different tryptophans was in most cases rather small. Mannitol binding resulted for all
mutants in a decrease in S of | - 3%, corresponding to a small increase in the internal
mobility of all tryptophans. Phosphorylation induced changes in S of similar magnitude,
some mutants showing small decreases in S and others small increases. An exception is
W109, for which S increased from 0 90 to 0.97. This corresponds to a decrease in the
angular displacement of the rotation from 300 to 160. A different effect of phosphorylation
ts an increase in the 32 ns correlat ion t ime of W30, which possibly corresponds to rotat ion
of the C domain, to 5l ns. This could indicate a changed orientation of this tryptophan
with respect to the rotational axi(e)s of IIC'"'r. Together with the absence of comparable
correlat ion t imes in the other mutants this implies asymmetry in the micel le-embedded
IIC""j and the presence of different rotational motrons.
In chapter 5 FTIR spectroscopy is used to study secondary structure elements in
IIC."' and to study the coupling between IICn"r and (p,)IIB'il For this purpose a IICB.,'-
construct is used, which is ful ly act ive in the presence of I IA.,,r  and the other pTS
components. This offers the possibi l i ty to monitor the inf luence of perseitol bindins on the
secondary  s l ruc tu re  e lements  o f  P- l lCB"" r .
FTIR spectra of I IC'" show a strong absorption band at 1657 cm'r, which
corresponds with the amide I absorption of ct-helical structure specific for membrane
proteins. An addit ional band at 1630 cm-' is evidence for the presence ofB-sheet structure.
The ct-helical structure can be explained by the presence of transmembrane a-helices
(Sugiyama et al. ,  l99l).  The B-sheet structure could be present rn the cytoplasmic', loop,,
between helices 2 and 3 and/or between helices 4 and 5
The FTIR spectra of IICB'" are almost identical to the spectra of IIC.,'.
Phosphorylation of IICB*", both in the presence and absence of perseitol, leads to small
lntensity changes and shifts in the B-sheet region. Since these changes are not seen ln
equimolar solut ions of I IC'" ' ,  and (P-)IIB"",,  in which only negl igible amounts of the (p-
)IIB""r:IIC"", exist under FTIR conditions, they have to be due to a phosphorylation-
dependent coupling between the B and C domain in IICB""r, resulting in changes in the B-
sheet structure of the C domain. This finding and the finding that all residues, which have
been recognized to be important for mannitol binding, transport and/or phosphorylation
(Manayan et al ,  1988; weng et a1.,7992; Boer et al. ,  1996), are located in the connecting
structure between hel ices 4 and 5 in the C domain, suggest that the change occurs in this
part of IIC'"i. This region, thus far indicated as "large cytoplasmic loop" between helices 4
and 5 appears to contain a certain amount of B-sheet structure.
Structural information has been derived for the membrane embedded C domain of




which confirm the predicted topology of EII'"r. Other important results are the observation
that, upon mannitol binding, changes occur in the first transmembrane c-helix and the
observation that the phosphorylation state of the cytoplasmic domains A and B affect the
fluorescent propert ies of tryptophans at dif ferent posit ions in the C domain. Time-resolved
fluorescence experiments indicate the presence of rotat ional motions of I IC""| independent
from the rest of EII""r and asymmetry in this micel le-embedded domain. The FTIR results
imply the presence of p-sheet structure in IIC*tr in addition to ct-helical structure. This p-
sheet structure, which changes upon phosphorylat ion of the B domain, is presumably
present in the cytoplasmic " loop" connecting ct-hel ices 4 and 5 in I IC""|.
The information accumulated with these studies adds to a better understanding of
the EII""I structure and the conformational changes which occur in this enzyme during
mannitol transport and phosphorylat ion.
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